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We study the uniformly 13C,15N isotopically enriched Escherichia coli multidrug resistance transporter EmrE using MAS solid-state NMR.
Solid-state NMR can provide complementary structural information as the method allows studying membrane proteins in their native environment as
no detergent is required for reconstitution. We compare the spectra obtained from wildtype EmrE to those obtained from the mutant EmrE-E14C. To
resolve the critical amino acid E14, glutamic/aspartic acid selective experiments are carried out. These experiments allow to assign the chemical shift
of the carboxylic carbon of E14. In addition, spectra are analyzed which are obtained in the presence and absence of the ligand TPP+.
© 2007 Elsevier B.V. All rights reserved.Keywords: MAS solid-state NMR; Multidrug resistance transporter; Membrane protein1. Introduction
Membrane proteins play a crucial role in communicating
signals between inside and outside of a cell and in maintenance
of cell homeostasis. Among the different classes of membrane
protein, transporters constitute a functionally interesting and
scientifically challenging sub-moiety. Transporters have
evolved complex mechanisms to derive energy required for
their successful functioning. They are classified into two
categories according to the driving mechanism for transport:
primary transporters drive substrates across the membrane
against concentration gradients using energy provided directly
by a chemical reaction such as ATP hydrolysis (e.g. ion ATPases
and ABC transporters). Secondary transporters couple downhill
transport of one substrate (e.g. H+ and Na+) to the uphill
movement of another one. Multidrug transporters (MDT) are
involved in the removal of a wide range of compounds from the
cytoplasm and have evolved in many different forms. Some of
them function as primary transporters, while others function as⁎ Corresponding author. Leibniz-Institut für Molekulare Pharmakologie
(FMP), Robert-Rössle-Str. 10, D-13125 Berlin, Germany.
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doi:10.1016/j.bbamem.2007.09.012secondary transporters. Since many of the MDT substrates are
cytotoxic they provide a survival strategy to the cell but they are
also involved in the phenomenon of multidrug resistance (MDR)
against multiple antibiotics and antineoplastic agents.
EmrE (Escherichia coli multidrug resistance transport) is a
prototypical example of a small multidrug resistance transporter
which removes positively charged aromatic drugs like ethidium,
tetraphenylphosphonium (TPP+) or methyl viologen from the
cell [1]. EmrE comprises four transmembrane segments (TMS)
and has a molecular weight of about 10 kDa. It was shown to be
a dimer in its active form [2–5]. A mutagenetic analysis dem-
onstrated that E14 is a crucial amino acid, essential for substrate
binding and transport [6,7]. Intermolecular cross-linking ex-
periments suggested a spatial proximity of TMS1 and TMS4
[8]. EPR studies are consistent with a scissor-like packing of the
two TMS1 [9] which is in agreement with a molecular model that
relied on cross-linking data and energy minimization of helix–
helix interactions [10]. Solution-state NMR investigations in
organic solvent were carried out and yielded the unambiguous
assignment of the transmembrane segments of EmrE [11].
Detergent solubilized EmrE was shown to bind TPP+ [12].
However, it is controversial whether the structure of the detergent
solubilized EmrE represents a native state conformation as
transport is no longer possible. MAS solid-state NMR
Fig. 1. Negatively stained electron micrograph of EmrE samples after dialysis.
The scale bar in the inset refers to 1 μm.
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EmrE using 31P NMR [13]. Glutamate selectively labeled
samples were prepared to investigate functional relevant residue
E14 [14].
The structural information that became available for EmrE in
recent years has been in conflict with the existing biochemical
knowledge. Even though the two X-ray crystallography papers
[15,16] for the protein have recently been retracted due to the use
of faulty software [17], their publication sparked a controversy
regarding the relative topology of the protomers in the functional
dimer and this controversy is still ongoing. In addition to EM
[3,18] andX-ray crystallography,MAS solid-state NMRprovides
vital structural information. In this manuscript, we use uniformly
isotopically enriched EmrE samples to demonstrate the use of the
latter technique to structure–function studies of EmrE.
2. Materials and methods
2.1. Expression and purification
TA-15 cells containing the plasmids pT7-7 EmrE-Myc/His and pGP1-2 were
employed for all experiments described below. EmrE was expressed and
purified as described earlier [19]. In brief, 5 mL of LB pre-culture are added to
100 mL of minimal medium containing 100 mM phosphate pH 7.0, 7.5 mM
(15NH4)2SO4, 0.2%
13C-Glucose, 0.01% MgSO4×7 H2O, 2.5 μg/mL thiamine,
50 μg/mL kanamycin and 50 μg/mL carbenicilline, and grown at 30 °C. This
second preculture was transferred to 1 L of minimal medium and grown to
an optical density (600 nm) of 1.5–2, then transferred to a 10-L fermentor
containing the remaining 9 L of medium. After the optical density reached a
value of 0.8, protein production was induced by heat shock at 42 °C (for
15 min). 4 h after heat shock induction, the cells were harvested (OD∼ 1.2–1.5).
After cell lysis and centrifugation, the pellet was resuspended in 100 mL of
20 mM Tris pH 8, 50 mM NaCl, 2% n-dodecyl-β-maltoside (DDM). After
centrifugation, the supernatant was purified using Ni-NTA affinity chromatog-
raphy, employing a concentration of 0.1% DDM in all buffers. After con-
centrating the eluted protein, EmrE was purified further using a Superdex 200
gelfiltration column.
2.2. Crystallization and NMR sample preparation
After gel filtration, 5–10 mg detergent solubilized protein were added to
lipid (1,2-dimyristoylglycero-rac-3-phosphocholin=DMPC) yielding a protein:
lipid ratio of 1:0.25 (w/w) (final protein concentration: 0.5 mg/mL). After
adding 0.7% Chaps, the solution was transferred into a dialysis bag (MWCO:
10 kDa). The protein solution was then dialyzed against 1 L of 20 mM Tris pH
7.5, 100 mM NaCl, 0.025% NaN3, 4 mM DTT in the presence and absence of
200 μM TPP+. The dialysis buffer was changed periodically (2–3 days). After
2 weeks, a sample was taken from the dialysis bag and analyzed by electron
microscopy (Fig. 1). 2-dimensional crystals similar to those described by Tate
and co-workers [3] are observed which are indicative for the structural
homogeneity of the sample. To transfer the sample into a solid-state NMR rotor,
the content of the dialysis bag was centrifuged into a 4-mm Bruker MAS rotor
(volume: ca. 40 μL).
2.3. NMR experiments
MAS solid-state NMR experiments were performed on Bruker 600 and
700 MHz Avance triple channel spectrometers, equipped with 4 mm MAS
probes. The MAS frequency was adjusted to 10 and 11 kHz for experiments
recorded at 600 MHz and 700MHz, respectively. The temperature of the sample
was maintained at 268 K for all experiments. Altogether, three different samples
have been investigated, wild type EmrE (wt-EmrE), wt-EmrE bound to
Tetraphenylphosphonium (TPP+), and the E14C mutant of EmrE (EmrE-E14C).
The spectra represented below were recorded using a 2D 13C,13C Proton DrivenSpin Diffusion (PDSD), a 2D 15N,13Cα correlation experiment and an ex-
periment which allows to select for carboxylic acid carbons, which is derived
from a pulse scheme suggested by Griffin and co-workers [20].
The mobile residues of the protein were monitored using 1H,13C INEPT
correlations and its 2D variant to obtain a 13C detected 1H,13C HSQC spectrum,
similar as what has been suggested by Baldus, Meier and co-workers [21,22].
All solid-state NMR experiments were recorded using a 100% to 75% ramped
spin lock pulse on protons for cross polarization (CP). SPINAL-64 [23] was
used to decouple protons in the 13C and 15N evolution periods, employing a
radiofrequency (RF) field strength of 75–80 kHz. The RF pulse sequence used
to select carboxyl groups which are not directly bonded to nitrogen atoms [20] is
depicted in Fig. 2. Resonances of carbonyls, Cα and any other carbons dipolarly
coupled to nitrogen atoms are dephased during the REDOR filter period. Thus,
the sequence allows to selectively detect side chain carboxyl carbons of
glutamate and aspartate residues. After CP, a t1 evolution period is inserted,
which is followed by the PDSD mixing step, to achieve site specific resolution.
A 13C z-filter (during Δ) removes artifacts arising from 13C,13C antiphase
magnetization which could evolve during the REDOR filter. An additional 90°
pulse on nitrogen converts heteronuclear antiphase magnetization to undetect-
able double quantum coherence. In contrast to the experiment by Jaroniec et al.,
no frequency selective pulses are employed. For the 1D versions of the
experiment, Tmix was set to 5 ms. The duration of the REDOR filter is adjusted
individually for each sample and experiment. The sequence is optimized to yield
minimum intensity in the Cα spectral region, as all Cα are directly bonded to a
nitrogen atom. The employed value for the filtering period is given in the
respective figure caption.
3. Results and discussion
3.1. 13C/15N 1D spectra
Fig. 3 represents 13C 1D spectra of wt-EmrE recorded with
different magnetization excitation schemes. The sensitivity of
the experiments obtained at 0 °C is rather low compared to the
sensitivity which is achieved with set-up samples which
contained a similar molar amount of material within the rotor.
We speculate that this might be due to the high mobility of EmrE
in its membrane embedded form. Lowering the temperature to
−60 °C yields a gain in sensitivity by a factor of 2–2.5. At this
temperature, resolution is severely compromised, as no cryo-
protectants are added during sample preparation.
The CP-MAS experiment provides in general the best signal-
to-noise ratio over the 13C direct excitation spectra obtained
with and without 1H decoupling. Note the isolated C′ resonance
Fig. 3. (a) 13C spectra of u-[13C–15N] EmrE using different preparation
conditions. From top to bottom: 1H,13C cross-polarization (CP, τCP=1.0 ms),
13C direct excitation (without 1H decoupling), 13C direct excitation (with 1H
decoupling), 1H excitation using INEPT for magnetization transfer to 13C (1H
decoupling during acquisition). All experiments were recorded using 80 kHz
SPINAL-64 decoupling during acquisition. No homonuclear decoupling was
applied during the scalar coupling evolution periods. (b) 13C detected 1H,13C
correlation using INEPT for magnetization transfer. The inset displays the Cα
chemical shift region.
Fig. 2. Glutamic/aspartic acid selective NMR experiment. The pulse sequence is
adapted from Griffin and co-workers [20]. Narrow and wide bars represent 90°
and 180° pulses, respectively. A z-filter of Δ=100 μs duration was used to
dephase unwanted antiphase magnetization prior to detection.
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CPMAS spectrum, it is very pronounced in the spectrum
recorded with direct 13C excitation. This peak remains relatively
narrow even if the spectrum is acquired without decoupling,
indicating that this carboxylic group is located in a rather
dynamic part of the protein. The INEPT spectrum acquired with
proton decoupling during acquisition yields a 13C spectrum
with clearly resolved 13C,13C scalar couplings. Resonances
from residues at the C-terminus of the protein (Myc/His-tag)
experience an increased flexibility resulting in an averaging of
anisotropic interactions.
The 15N spectrum shown in Fig. 4a has an in particular low
resolution. Only the average characteristic resonances stem-
ming from lysine and arginine side chain nitrogen atoms, as
well as from backbone amides are observable in the spectrum.
The N,Cα correlation spectrum (Fig. 4b) only displays a few
resolved resonances. Instead of using the standard NCACX/
NCOCX assignment procedure [24,25] which relies on a good
dispersion of the 15N resonances, we decided to pursue the
following strategy: (1) acquisition of amino acid selective ex-
periments to filter out carboxylic acid carbon resonances. The
primary sequence of EmrE contains only 2 glutamates and 1
aspartate. Those should be resolvable in case the carbonyl
resonances of the protein backbone can be effectively sup-
pressed. As E14 is a key residue, we expect that this experiment
could be of potential interest. (2) Assignment by mutagenesis.
For this purpose, we prepared an isotopically enriched sample
of the mutant EmrE-E14C. In case, the fold of the protein is
maintained, it should be possible to assign E14 by subtracting
the wt-EmrE spectrum from EmrE-E14C. (3) Assignment of
amino acids involved in ligand binding and transport by ad-
dition of TPP+. Residues that bind to TPP+ should change their
chemical shift upon binding.
3.2. 2D 13C,13C PDSD correlation spectra
A 2D carbon–carbon correlation experiment using dipolar
couplings for magnetization transfer presents an elegant way of
testing sample integrity. Fig. 5 represents a proton driven spindiffusion (PDSD) 13C,13C correlation spectrum. We find that
the sample is stable under heating caused by MAS and de-
coupling. Spectra are reproducibly recorded over a period of
4 weeks.
Approximately 50% of the residues in EmrE are hydropho-
bic, i.e. 15 leucines, 16 isoleucines, 9 alanines and 12 glycine. A
3039V. Agarwal et al. / Biochimica et Biophysica Acta 1768 (2007) 3036–3043secondary structural analysis of the Cα chemical shifts allows to
examine the integrity and the correct fold of the protein [26].
For α-helical proteins, the average secondary Cα chemical shift
for isoleucine is (64.68±1.66) ppm [27]. This distribution is
different from the average isoleucine random coil chemical shift
of (60.64±2.04) ppm. Similarly for leucines, a characteristic
spread of Cα chemical shifts is observed in the range of 55–
58 ppm, matching the reported average α-helical chemical shift
values of (57.45±0.98) ppm. Alanine Cα resonances appear in
the spectrum in the chemical shift range of 53–55 ppm, which is
in agreement with the data base average α-helical chemical shift
of (54.8±0.94) ppm. The mentioned residues are uniformly
distributed across the four transmembrane helices. The chemical
shift analysis shows therefore that in general the protein used in
the NMR experiments has the right fold, and retains its stability
in the course of the experiments.Fig. 5. 2D PDSD 13C,13C correlation spectrum of EmrE (in the absence of
TPP+) using a PDSD mixing time of 50 ms. The acquisition time in the direct
time was restricted to 19.9 ms. 256 increments were recorded in the indirect f1
dimension employing a 25-μs dwell time. 192 scans were collected for each FID
employing a recycle delay of 3 s, yielding a total measurement time of 41 h. The
threonine and proline chemical shift regions are highlighted in blue and brown,
respectively.
Fig. 4. (a) 15N detected 1H,15N CPMAS spectrum of EmrE. (b) 13C detected
NCA correlation experiment.Fig. 6 highlights 13C,13C correlations from the PDSD
experiment in Fig. 5, focussing on threonine and proline
residues. In total, we expect 7 and 5 correlations originating
from the threonine and proline spin systems, respectively.
For prolines, the 2D 13C,13C correlation plot shows more
than the expected five spin systems. It is intriguing that three out
of four transmembrane helices of the two monomers in the
asymmetric EmrE dimer are symmetry related by a 160°
rotation in the cryo-EM reconstruction [28]. Transmembrane
helix 4, that does not superimpose, possess two proline residues.
We assume that the number of resonances in particular for this
helix might be doubled as those amino acids are embedded in
two distinct chemical environments. The resolution that we
obtain to-date is not sufficient to differentiate if cross peak
doubling is restricted to one particular helix. The resolution is,
however, good enough to rule out that resonance doubling
affects all residues. We expect that labeling strategies which
involve deuteration will be beneficial in the future in terms of
resolution and sensitivity [29–32].
3.3. Assignment by mutagenesis
Biochemical experiments show that Glutamate-14 which is
conserved in more than 200 homologous proteins is the key
residue for EmrE function [33]. Mutation of the residue E14
into a cysteine results in a complete loss in substrate binding
activity of EmrE. The very conservative mutation E14D yields
an uncoupling of substrate flux and proton gradient, as the
substrate can still be bound, but the carboxylic acid proton is
already released due to the reduced pKa value of the aspartate
Fig. 6. (a) Threonine and (b) proline spectral region of the 2D PDSD 13C,13C correlation spectrum of EmrE (in the absence of TPP+).
Fig. 7. 13C,13C PDSD correlation, highlighting the Calpihatic–C′ region of the
spectrum. wt-EmrE is represented on the left, EmrE-E14C on the right.
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yields several changes if compared to the wt-EmrE spectrum. In
particular, the spectral resolution obtained for the mutant is
severely decreased (Fig. 7).
A secondary chemical shift analysis shows that the average
chemical shift as well as the dispersion of the Cα resonances for
leucine, alanine, and isoleucine is identical to that of wt-EmrE,
implying that EmrE-E14C is a correctly folded α-helical protein.
The presence of the resolved carboxylic acid carbon resonance at
181.6 ppm indicates that the resolved resonance originates not
from E14, but must be rather due to one of the glutamates present
in the His/Myc-tag at the C-terminus of the protein. In contrast to
wt-EmrE, the dispersion of the resonances is much lower in
EmrE-E14C, indicating a large structural heterogeneity of the
sample. This is also reflected in the Thr Cβ-Cγ cross peak pattern
which is significantly different compared to wt-EmrE (data not
shown). Glutamate-14 is conserved throughout the SMR family.
We therefore speculate that E14 might be required to maintain the
integrity of the tertiary structure of the protein.
3.4. Spectral changes upon addition of TPP+
A comparison of the 2D 13C,13C PDSDwhich are obtained in
the presence and absence of TPP+ (Fig. 8) yields a number of
significant chemical shift changes.We only find modest changes
of cross peak positions in the Caliphatic,C′ region (Fig. 8a). The
observed small chemical shift changes for the Caliphatic,C′correlation cannot easily be interpreted due to the low resolution
in the C′ spectral region. There are, however, a number of
significant changes in the threonine chemical shift region (Fig. 8b)
that indicate that TPP+ has a strong influence on the structure of
Fig. 8. Superposition of 13C,13C PDSD correlation spectra in the absence (black)
and presence of TPP+ (red). (a) Calphatic–C′ spectral region. (b) Threonine Cβ–Cγ
spectral region.
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event, but rather induces helix–helix arrangements upon ligand
binding.
In the presence of TPP+, we find that the line width of almost
all 13C resonances is increased. Several explanations could
account for this observation: (1) TPP+ could interact with EmrE
involving two or more binding sites. Chemical exchange
between those sites might induce chemical exchange broaden-
ing. This is supported by 31P NMR experiments which have
shown that EmrE provides more than one binding site for TPP+
[13]. (2) A slow dynamic, structural rearrangement of EmrE in
the presence of TPP+ would have a similar effect. (3) TPP+
stabilizes EmrE in multiple conformations which would giverise to several sets of correlation patterns for each spin system.
We can rule out the possibility that the observed broadening of
the resonances is due to the preparation of the EmrE sample
containing TPP+, as we could reproduce the same effect in
multiple samples. Although in the case of EmrE it has been
suggested that TPP+ stabilizes the structure [28], in the case of
LacY it has been shown that substrate destabilizes it. We can
also exclude that an insufficient amount of TPP+ was present
during crystallization. The EmrE concentration during crystal-
lization was 0.5 mg/mL corresponding to a protein concentra-
tion of approximately 50 μM. The dissociation constant of TPP+
was found to be in the order of 2 nM [5,28,35]. Since we use a
TPP+ concentration of 200 μM, we expect that no free EmrE
should be present during crystallization. This finding is supported
by the carboxylic acid carbon selective experiments (Fig. 9).
While the selective experiments yield well-resolved resonances
in case of wt-EmrE, only a broad resonance is observable for
wt-EmrE in the presence of TPP+.
3.5. Glutamate/aspartate filtering experiments
Filtering experiments allow to select specific amino acid side
chains based on their individual chemical properties. In the
glutamic (and aspartic) acid filtering experiment, carbon atoms are
selected which are not directly bonded to nitrogen. The REDOR
filter, which is applied after the 13C,13C mixing step, suppresses
carbonyl resonances and leaves carboxylic carbons at the same
time unaffected. Experimental results are represented in Fig. 9.
EmrE contains two glutamic acids and one aspartic acid in
the core of the protein. In addition, five glutamates and two
aspartates are contained in the Myc- and His-tags. As shown in
Fig. 3, residues in the C-terminal tag are highly flexible. In the
CP experiments, the intensity of those flexible residues is
strongly reduced, since the Hartmann–Hahn condition for
magnetization transfer is not matched. The REDOR filter
experiment recorded for wt-EmrE (Fig. 9c, bottom) displays
four relatively narrow resonances at 181.6, 177.6, 174.8 and
173.3 ppm, while a shoulder on the resonance at 174.8 ppm
hints at the presence of a fifth peak. The line width of the
carboxyl resonances in the wt-EmrE sample is in the order of
85–100 Hz displaying a high structural homogeneity of the
sample. By comparison with Fig. 3, the resonance at 181.6 ppm
can be assigned to the C-terminal His/Myc-tag. The resonance
at 173.3 ppm is neither visible in the spectrum obtained for
EmrE-E14C, nor in the spectrum that is obtained for wt-EmrE
in the presence of TPP+. We tentatively assign this resonance to
E14. This is corroborated by the finding that E14 has an
exceptionally high pKa of 8.5. [6,19,34]. It is assumed that the
carboxylic acid protons of Glu14 in the binding cavity are
stabilized by interactions with aromatic residues, and can
therefore not easily exchange with the solvent [36,37]. On the
other hand, the isotropic 13C chemical shift of a carboxylic acid
carbon changes to smaller chemical shift values upon pro-
tonation [38]. Crystallization of all EmrE samples was carried
out at pH 7.0. Due to its unusual pKa, E14 is the only residue
that is protonated at this pH value. We can therefore assign the
resonance at 173.3 ppm to the carboxylic acid carbon of E14. In
Fig. 9. Glutamate/aspartate selective experiments. (a) 2D 13C,13C PDSD correlation for wt-EmrE that is obtained without application of the REDOR filter (reference).
On top of the 2D spectrum, a 13C spectrum is represented that is obtained after suppression of 15N bonded carbons. Most of the carboxylic carbon are overlapping with
carbonyl backbone resonances. (b) Carboxylic selective experiments applied to (from top to bottom) wt-EmrE in the presence of TPP+, EmrE-E14C and wt-EmrE
using a REDOR filtering time of 1.7, 4.3 and 4.6 ms, respectively. In each case, the filtering time was chosen such that the intensities in the Cα spectral region are
minimized. For comparison, a 13C-1D reference spectrum is plotted on the bottom of the Figure. (c) Carbonyl/carboxyl spectral region from (b). In case of EmrE-E14C,
the resonance at 181.6 ppm is very weak in the 1D spectrum, but becomes clearly visible in a 2D experiment (see Fig. 7).
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the EmrE-E14C mutant, nor upon addition of TPP+ (Fig. 9c,
middle and top). This observation is consistent with the hy-
pothesis that E14 is being de-protonated upon ligand binding.
4. Conclusions
We could show that solid-state NMR can yield complemen-
tary data to biochemical, EM, X-ray crystallographic and
solution-state NMR experiments. The advantage of solid-state
NMR is that the protein is embedded in its native environment,
i.e. reconstituted in lipids rather than in detergents. The spectral
resolution and sensitivity obtained thus far is, however, rather
low. Standard assignment experiments like NCACX/NCOCX,
relying on a well-dispersed 15N spectrum are therefore very
difficult to analyze. We speculate that the increased 15N (and to
some extend also 13C) line width is at least partially due to
the large residual dynamics of the protein in the lipid bilayer.
Dipole-CSA cross correlated relaxation might induce an
increased 15N line width in the presence of 1H decoupling
due to the averaging of Hα/Hβ spin states [39]. We plan to
exploit these effects in the future, which will require the
preparation of a uniformly 2H,13C,15N isotopically enriched
EmrE sample.Acknowledgement
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